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Abstract 
We investigated the effect of an Mg-Al layer insertion at the bottom interface of epitaxial 
Fe/MgAl2O4/Fe(001) magnetic tunnel junctions (MTJs) on their spin-dependent transport 
properties. The tunnel magnetoresistance (TMR) ratio and differential conductance spectra for 
the parallel magnetic configuration exhibited clear dependence on the inserted Mg-Al thickness. 
A slight Mg-Al insertion (thickness < 0.1 nm) was effective for obtaining a large TMR ratio 
above 200% at room temperature and observing a distinct local minimum structure in conduct-
ance spectra. In contrast, thicker Mg-Al (> 0.2 nm) induced a reduction of TMR ratios and 
featureless conductance spectra, indicating a degradation of the bottom-Fe/MgAl2O4 interface. 
Therefore, a minimal Mg-Al insertion was found to be effective to maximize the TMR ratio 
for a sputtered MgAl2O4-based MTJ.  
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1. Introduction 
    Obtaining a large tunnel magnetoresistance (TMR) ratio exceeding 100% at room tem-
perature (RT) in a magnetic tunnel junction (MTJ) is very essential to the development of var-
ious spintronic devices such as magnetoresistive random access memories, magnetic logic cir-
cuits and high sensitive magnetic sensors.1 A crystalline MgO with (001) orientation is com-
monly used as a tunnel barrier of MTJs to attain large TMR ratios.2–4 However, there could be 
a limitation of MgO material as a barrier in MTJs when ferromagnetic layers other than CoFe 
(or CoFeB) [such as Co-based Heusler alloys5,6, tetragonal Mn-based (MnGe and MnGa) alloys 
7,8 and FePt alloys9,10] are used for MTJs. The large lattice mismatches between these electrode 
materials and MgO (5–8%) accompanied with misfit dislocations make it difficult to fabricate 
MTJ structures having crystallographically coherent interfaces and exhibiting large TMR ratios 
at RT.11,12 
   Spinel MgAl2O4(001) barrier-based MTJs have shown large TMR ratios over 100% 
at RT due to the occurrence of spin-dependent coherent tunneling similar to MgO(001) barri-
ers.13–15 Importantly, the lattice constant of an MgAl2O4 barrier prepared by a post-oxidation 
method can be tuned by the Mg-Al composition in MgAl2O4, leading to nearly a perfect lattice-
matching with bcc Co-Fe alloys13,14 and Co2FeAl Heusler alloy.15 Recently, using Fe as elec-
trodes we developed a lattice-matched and very flat MgAl2O4(001) barrier with a cation-disor-
dered spinel structure by a direct rf sputtering of a MgAl2O4 sintered target, instead of the 
conventional post-oxidation of Mg-Al alloys.16 The TMR ratio of a direct-sputtered epitaxial 
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Fe/MgAl2O4/Fe(001) MTJ reached 245% at RT, which is larger than typical TMR ratios in 
epitaxial Fe/MgO/Fe MTJs.3,17 In general, spin-dependent transport properties of an MTJ is 
significantly affected by the barrier/ferromagnetic interface conditions. Therefore, TMR ratio 
can be drastically enhanced or reduced only by a minor modification of these interfaces states; 
such as the insertion of an ultrathin metallic layer.18–20 In our previous report, ultrathin Mg-Al 
(Mg10Al90 atomic%) was inserted between the bottom-Fe electrode and direct-sputtered 
MgAl2O4 barrier of Fe/MgAl2O4/Fe MTJs in order to tune the interface condition.16 However, 
a systematic study on the Mg-Al insertion effect has yet to be investigated. Therefore, in this 
study, we focused on the Mg-Al insertion thickness dependence of the spin-dependent transport. 
We found that the Mg-Al insertion modified the MTJs properties such as, the zero bias TMR 
ratio, resistance-area (RA) product and its bias voltage dependence. Especially, an Mg-Al thick-
ness more than 0.4 nm inserted under a 1.9-nm-thick MgAl2O4 barrier significantly reduced 
the TMR ratio. The differential conductance spectra also suggested the reduction of the degree 
of the coherent tunneling transport through the barrier when the Mg-Al insertion thickness 
increased. Thus, the interface modification by Mg-Al insertion under the sputtered MgAl2O4 
barrier formed an insufficient oxidation interface, which weakened the spin-dependent coher-
ent tunneling effect. On the other hand, a minimal insertion (less than 0.1 nm) was effective to 
prevent the interface oxidation at the bottom-Fe and enhance the TMR ratio to maximum values 
(240–245%). 
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2. Experimental details 
The MTJ multilayers were fabricated using a dc and rf magnetron sputtering system 
with a base pressure of 6 × 107 Pa. The MTJ stack consisted of an MgO(001) substrate/Cr 
(40)/Fe (100)/Mg10Al90 (Mg-Al, tMgAl = 0–0.6)/MgAl2O4 (1.9)/Fe (7)/Ir20Mn80 (12)/Ru (10) 
(unit in nm). Here, tMgAl is the nominal thickness of a wedge-shaped Mg-Al insertion formed 
by a linear motion shutter. The MgAl2O4 barrier was directly deposited from a stoichiometric 
MgAl2O4 sintered target. Each layer of the MTJ stack was deposited at RT, then was succeeded 
by an in-situ post-annealing at temperatures mentioned in Fig. 1. Here, the deposition and post-
annealing conditions were optimized using X-ray and reflection high-energy electron diffrac-
tions (see Ref 16). Meanwhile, we confirmed that on an Mg-Al insertion layer (tMgAl up to 0.6 
nm) MgAl2O4 layers grew epitaxially and had the cation-disordered structure. This is necessary 
for obtaining large TMR ratios in spinel MgAl2O4-based MTJs with Co-Fe based elec-
trodes.13,21 Then, the MTJ stack was patterned into elliptical pillars with a dimension of 5×10 
µm2 using photolithography and Ar ion-beam etching. The MTJ devices were characterized 
using a conventional dc 4-probe method with an external magnetic field directed along Fe[100]. 
Here, a positive bias voltage indicated electrons tunneling from the top Fe electrode to the 
bottom one. All presented data in this report were measured at RT. 
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3. Results and discussion 
The tMgAl dependence of the TMR ratio and RA in the parallel (P) state (RAP) of epi-
taxial Fe/Mg-Al(tMgAl)/MgAl2O4 (1.9 nm)/Fe(001) MTJs are illustrated in Figure 2 (a). A bias 
voltage less than 10 mV was used for these measurements. Near the wafer edge, i.e. tMgAl < 
0.05 nm, the largest TMR ratio of 245% was observed closely to that reported in our previous 
report (tMgAl ≈ 0.02 nm).16 Therefore, the bottom-Fe/MgAl2O4 interface smoothness, oxidation 
state, and high crystallinity were conserved for this thickness region. As increasing tMgAl, the 
TMR ratio basically decreased and the RAP increased. We can distinguish three main regions 
for the TMR ratio and RAP changes. When tMgAl is less than 0.1 nm (region-I), the TMR ratio 
is greater than 200% (RAP: 6–8 kΩµm2). The second region (region-II); for which tMgAl is in 
the range of 0.13–0.36 nm; exhibited a TMR ratio and RAP in the ranges of 170–190% and 14–
17 kΩµm2, respectively. For the third region (region-III); where tMgAl is above 0.44 nm; the 
TMR ratio rapidly dropped to less than 100% and the RAP increased to be within 38–43 kΩµm2. 
Three representative TMR curves of these regions are illustrated in Figure 2 (b). Obviously, 
the large TMR ratios and low RAP of region-I indicated the dominance of coherent spin-de-
pendent tunneling across MgAl2O4 barriers, as discussed later. The tMgAl increase accompanied 
by an RAP increase is attributed to an increase of the effective barrier thickness by an oxidation 
of the Mg-Al insertion layer. This oxidation can occur during the MgAl2O4 sputter-deposition 
and/or the subsequent post-annealing process (at 500C for 15 min). This means that oxygen 
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deficiencies are induced near the bottom-Fe interface for a thick Mg-Al insertion layer. Conse-
quently, this led to a lowering of the barrier crystallinity and a formation of oxygen vacancies 
similarly to epitaxial Fe/MgO/Fe MTJs.22 Interestingly, in the region-II, the TMR ratio and RAP 
did not show strong dependence on tMgAl, which suggested that the coherent transport can be 
maintained even in the presence of a small amount of oxygen deficiencies. 
For more insight into the effect of the Mg-Al insertion on spin-dependent tunneling 
properties, we evaluated the bias voltage (V) dependence of the TMR ratio for various tMgAl as 
shown in Fig. 3 (a). Here, the TMR ratio was normalized to the TMR ratio peak. Consistently 
with the tendency of the TMR ratio under a nearly zero bias (Fig. 2 (a)), as tMgAl increased the 
bias voltage dependence became stronger. For a thick tMgAl, the peak position of the TMR ratio 
shifted to the positive bias direction (see the curve of tMgAl = 0.55 nm). These behaviors indicate 
the degradation of the interface state of MgAl2O4 barrier by a thick Mg-Al insertion. To quan-
tify the bias voltage dependence, we introduced the parameter Vhalf (+) (Vhalf (–)) defined as the 
positive (negative) V value where the TMR ratio is reduced to the half of its zero bias value. 
The extracted Vhalf (+) and Vhalf (–) as a function of tMgAl are shown in Fig. 3 (b). For the region-I 
(tMgAl < 0.1 nm), the high values of Vhalf (+) = 1.2 V and |Vhalf (–)| = 1.0 V were obtained. The Vhalf 
was reported to be directly correlated with the barrier oxidation degree for Fe/natural or plasma 
post-oxidized Mg-Al-O/Fe MTJs, which exhibited high Vhalf values (~1.2 V) as well as high 
zero bias TMR ratios (~212%) for the optimized oxidation conditions.14 Therefore, the sput-
tered MgAl2O4 barrier for the region-I also had an adequate interface oxidation and chemically 
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sharp bottom- and top-barrier interfaces even though the Mg-Al insertion thickness is less than 
one atomic monolayer (tMgAl < 0.1 nm). Interestingly, tMgAl dependence of Vhalf (+) (Fig. 3 (b)) 
and the TMR ratio (Fig. 2 (a)) exhibited the same decreasing tendency by three steps corre-
sponding to regions I, II and III. This change reflected a gradual degradation of the barrier 
oxidation (interface) state by the simultaneous formation of oxygen vacancies in the barrier 
and the oxidation of Mg-Al insertion layers for regions II and III. Note that the small asym-
metry with respect to the bias direction is attributed to the slight structural difference between 
the bottom- and top-Fe/MgAl2O4 interfaces induced by our multilayer deposition conditions. 
For further investigations on the TMR degradation mechanism with the tMgAl increase, 
we plotted the normalized differential conductance (G = dI/dV) in the parallel and antiparallel 
(AP) states (denoted as GP and GAP, respectively) for various tMgAl as shown in Fig. 4 (a) and 
(b). The spectra were calculated from measured current (I)-voltage (V) characteristics. In the P 
state, local minima around 230 mV were clearly observed for smaller tMgAl < 0.33 nm (region-
I~II), reflecting the strong contribution of the coherent tunneling between the two Fe electrodes, 
and consistently with the obtained large TMR ratios.14,16 This may be attributed to the majority 
5-band edge of Fe.14,16,23 While increasing tMgAl, the local minima disappeared and the spectra 
became featureless. Also, the degree of asymmetry increased and finally almost parabolic 
shapes were obtained for tMgAl  0.38 nm (region-II~III). These features can be correlated to 
the increase of the incoherent tunneling contribution, which is consistent with the reduction of 
the TMR ratio and Vhalf as observed in the post-oxidized Mg-Al-O-based MTJs.14,23 In the AP 
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state (Fig. 4 (b)), the spectra were almost symmetric without any local minimum structure and 
exhibited stronger bias voltage dependence for larger tMgAl. This suggests that the inelastic scat-
tering at the barrier interface and the contribution of the incoherent tunneling became signifi-
cant. In the inset of Fig. 4 (b), we showed the dGAP/dV spectra for selected three tMgAl. The 
peaks around 60 mV reflected the interfacial magnon excitations.14,23 The observed peak shift 
to a higher position for a higher tMgAl may be related to the degradation of the bottom-
Fe/MgAl2O4 interface. At the end, this study showed that the adequate control of the barrier 
interface state is crucial for enhancing the contribution of the coherent tunneling, and thus 
achieving large TMR ratios in MgAl2O4-based MTJs. 
 
4. Conclusions 
   The effects of Mg-Al thickness (tMgAl) on the TMR ratio and differential conductance of 
(001)-oriented Fe/Mg-Al insertion/MgAl2O4/Fe MTJs were investigated. The dominance of the 
coherent tunneling through MgAl2O4 barriers was found to be feasible for tMgAl < 0.1 nm. In-
creasing tMgAl induced a degradation of the barrier quality, and hence increased the contribution 
of incoherent tunneling through MgAl2O4 tunnel barriers. Therefore, the insertion of a very 
thin Mg-Al layer (< 0.1 nm) was found to be quite effective for the enhancement of spin-de-
pendent properties through sputter-formed MgAl2O4 barriers. The present result shows the sen-
sitivity of the interface states of MgAl2O4-based MTJs to the metallic layer insertion, and the 
importance of the barrier-interface engineering toward practical applications of MgAl2O4-
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based MTJs. 
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Captions 
 
Fig. 1: (a) Schematic presentation of the Fe/MgAl2O4/Fe MTJ structure with a wedge-shaped 
Mg-Al insertion. 
 
 
Fig. 2: (a) tMgAl dependence of the TMR ratio and RAP product for Fe/Mg-Al (tMgAl)/MgAl2O4 
(1.9 nm)/Fe MTJs (See the text for the meaning of the shaded I, II, and III regions). (b) TMR 
ratios as a function of the magnetic field for Fe/Mg-Al (tMgAl = 0.02, 0.22 and 0.45 
nm)/MgAl2O4 (1.9 nm)/Fe MTJs. These data were measured at RT using 10 µA dc current (bias 
voltage < 10 mV). 
 
 
Fig. 3: (a) Bias voltage dependence of normalized TMR ratio and (b) tMgAl dependence of Vhalf 
values of Fe/Mg-Al (tMgAl)/MgAl2O4 (1.9 nm)/Fe MTJs. The + () signs of Vhalf corresponds to 
the applied positive (negative) bias voltage as defined in the upper side schemes. For (b), the 
regions I, II and III are illustrated for comparison. 
 
 
Fig. 4: (a) Bias voltage dependence of (a) GP/GP(0 V) and (b) GAP/GAP(0 V) spectra of Fe/Mg-
Al (tMgAl)/MgAl2O4 (1.9 nm)/Fe MTJs measured at RT. Inset of (b) is the bias voltage depend-
ence of the calculated dGAP/dV for three tMgAl values.  
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